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Two-component signal transduction systems (TCS) are the backbones for adaptive responses to 
various environmental stresses in bacteria, fungi and even plants.  A typical TCS comprises of a 
sensor histidine kinase with its cognate response regulator (RR), which often has two domains—
N terminal receiver domain (RD) and C terminal effector domain (ED). The SK phosphorylates 
the RD to activate the ED response for DNA binding by promoting dimerization. However, 
despite significant progress on structural studies and signal relays, how RR transmits activation 
signal from RD to ED is yet elusive. We examined the active-inactive state transition of 
OmpR/PhoB family using RegX3 from Mycobacterium tuberculosis as a model system by 
molecular dynamics simulation, coevolution and elastic network model. Our coevolution 








 pairs on dimer interface are critical to 




 of RegX3 are strongly correlated during 
active to inactive state transition. Arg
81 
play a key role in both active and inactive state 
conformation that controls α1 movement important for SK-RR interaction. The α4 and β5 region 
in RD is mainly responsible for signal transmission, while three proximal loops β1α1, β3α3 and 
β4α4 exhibit strong dynamics with a synergy to the RegX3 transition. A dominant lowest-
frequency mode identified in normal-mode analysis of the elastic-network model overlaps 
remarkably well with the measured conformational changes of RegX3, leading to identification 
of seven most important ‘hot-spot’ residues (Tyr98 to Ser104). Taken together, our computational 
analyses revealed a molecular linkage during RR active to inactive state transition, which is not 
often evident from the static crystal structures.  
 
































































BACTERIAL TWO COMPONENT SYSTEM 
1.1 Two-component system (TCS):  
In the field of signal transduction 1986 was an exciting year that laid the foundation of 
transduction process in bacteria where Nixon, Ronson, and Ausubel coined the phrase "two-
component regulatory systems (TCS)" to elucidate their discovery 
[1]
. At that time, 
phosphorylation of protein (to be the topic of the 1992 Nobel Prize) was the most vigorous 
subject of investigation in eukaryotes, but had already been shown in bacterial system almost a 
decade before and was not yet too widespread and known in prokaryotes 
[2]
. In the same year of 
1986 Ninfa and Magasanik indicated that nitrogen assimilation bacterial TCS primarily performs 
protein phosphorylation as a major step 
[3]
. Based on the discoveries in 1986, today we know that 
such TCSs are part of the bacteria and lower eukaryotes that are less capable of avoiding 
changing environmental conditions and have to response efficiently to a broad range of 
environmental changes to survive. To tackle such tasks, bacteria relay on different transduction 
and signal perception systems; among them TCS play a major part. Based on the system 
organization it is named as a TCS  that is composed of two different proteins (components), 
sensor histidine kinase (SK) and coagnate response regulator (RR). 
The TCS was first defined in bacteria and nowadays TCSs have been reported in 
Archaeabacteria, eukayotes like Saccharomyces, Dictyostelium and Neurospora and higher 
plants like Arabidopsis, rice and maize. TCSs translate external stimuli into specific adaptive 
responses in intracellular information-processing pathways.  
The TCS is a phosphorelay mechanism between His- to-Asp from two different proteins, the SK 
and the RR and is triggered by exogenous or endogenous stimulus that leads in the 
autophosphorylation of the SK. The phosphate group is further shifted to the RR which regulates 
the cellular response 
[4-8]
. 

















Prokaryotes have evolved complex adaptation systems which help them to survive in various 
ecological niches, one of them is the TCS 
[9]
. Currently approximately more than 4,000 bacterial 
TCSs have been recognized in almost 150 sequenced genomes 
[10]
. Typically bacterial TCS 
contains a membrane-bound SK and a cytoplasmic RR 
[11]
.   
The functional module of the TCS starts with the capability of SK to sense and recognize the 
change in the environment. Stimuli dependent autophosphorylation takes place followed by 
subsequent phosphorylation of a specific RR.  The SK is phosphorylated at a conserved histidine 
located in the DhP domain of the protein. Phosphotransfer takes place between the 
phosphorylated-histidine on the SK to conserved aspartate residue on the RR protein (Fig 1.1A).  
In bacterial system two kinds of distinguishable TCS mechanisms are elucidated. The first 
mechanism indicates the classical mechanism pathway which is governed by the two different 
kinds of proteins, the SKs and RRs. Such classical mechanism pathway leads the bacterial TCS 
as, for instance, the Escherichia coli osmo-regulatory EnvZ/OmpR system where the phosphor-
transfer occurs in a single step process from the SK-containing DhP domain to the conserved 
aspartate located in the N-terminus receiver domain of the cognate RR (His-Asp phosphorelay) 
as shown in (Fig 1.1A).  
The unorthodox second TCS mechanism is primarily based on a multistep phosphorelay (His-
Asp-His-Asp phosphorelay) and often includes more than two proteins 
[12]
. In this case the 
pathway mostly involve a hybrid SK in which the His and Asp containing domains are present in 
a single protein. Phosphate from the hybrid SK is accepted by another His-containing phosphor-
transfer protein (Hpt) and further transferred to response modulated protein RR (Fig 1.1B). The 
solved crystal structures of the Hpt protein indicated that it is composed of 6 helices whereas 
four of them are analogy to the dimeric state of SK. For example, the ArcB, (Hpt) in prokaryotes 
and YPD1 in yeast or Bacillus subtilis sporulation-control system contributed by four individual 
proteins and all the signaling domains are separated from each other 
[13]
. Such systems are also 






















Fig. 1.1: Outline of two-component phosphotransfer pathway 
 (A) A classical two-component phosphotransfer pathway involves a dimeric transmembrane (TM) sensor kinase 
(SK) and a cytoplasmic response regulator (RR). A dimeric SK consists of N-terminal two TM helices, helical 
HAMP, PAS domains that connect at C-terminus with DhP and catalytic CA domain. SKs catalyze ATP-dependent 
autophosphorylation of a conserved His residue (H) located in DhP domain. SK is activated by the environmental 
stimuli sensed by periplasmic sensors. The Phosphate ion  (P) is then shifted to another conserved  Asp residue (D) 
situated in the receiver domain of (RD) of RR that trigger C-terminal located effector (ED) domain for designed 
cellular response. (B) A multi-phosphotransfer pathway usually initiates with a hybrid SK that contain an extra RD 
of RR. Multiple phosphotransfer His-Asp steps are performed with the help of His-containing phosphotransfer (HPt) 




















1.3 Domain organization of Sensor histidine kinase: 
 
In a bacterial system (gram-negative and gram-positive), TCSs comprise the largest group of 
membrane-bound sensor kinases. Such membrane-bound SKs contain large intervening extra-
cytoplasmic input domain (30-500 amino acids) connected by two flanked transmembrane 
helices, TM1 and TM2 (Fig 1.1A) 
[15]
. Primary sequence analysis has showed that the extra-
cytoplasmic region reveal no conservation, however based on structure analysis its similarity is 
near to the cytoplasmic PAS domain of the TCSs 
[16]
.  
In membrane-associated TCSs, HAMP domains normally lie in the cytoplasmic part of the cell 
and directly connected to the periplasmic sensing domain. HAMP domain connects the received 
stimulus information from the N-terminal connected sensory domain and further dictates that 
information to the C-terminus domains in terms of conformational changes 
[17]
. Some TCSs 
proteins have a HAMP domain without sensor element at the N-terminus demonstrating the 
ability of HAMP domain as a sensor module by communicating with other proteins with a 
sensing domain 
[18]
. The X-ray structure of HAMP domain connected with C-terminu 
cytoplasmic part has been solved which shows the potential ability and the nature of 
conformational change of HAMP domain. The crystal structure of SK with intake HAMP 
domain showed a dimeric organization in a parallel four-helix coiled-coil where single monomer 
contributes two helices 
[19]
. 
Apart from the HAMP domain, the PAS domain sandwiched between DhP and HAMP domains 
contained by > 33% of TCSs proteins 
[20]
 characterized by a central five- or six-stranded anti-
parallel β-sheet surrounded by several helices [19].  
The C-terminus kinase machinery of SKs is consisting of two well defined portions; the DhP and 
the catalytic ATP (CA) binding domain. The DhP domain allocates the phosphorylatable 
conserved His residue and also regulate dimerization behavior of SK whereas the CA domain 
phosphorylates the DhP domain at His in the auto-kinase activity. The X-ray structure of the DhP 
domain of SKs, EnvZ (PDB: 1JOY), VicK (PDB: 4I5S), DesK (PDB: 3EHH) and HK853 (PDB: 
2C2A) revealed the presence of two long helices in a parallel symmetry to each other which form 
four helical packet in dimeric state 
[19, 21-23]
. Both the helices are connected by length-variable 
loop, the DhP loop. Upstream of helix 1 is directly connected to the N-terminus sensing domain 

















(CA) domain through DhP-CA which variable in length and sequence. It is suggested that the 
DhP-CA linker variability play important role for movement of CA domain in relation to the 
DhP to complete the kinase reaction 
[22]
.  
The CA domain has a conserved 3α/5β topology, sandwich in characteristic left hand βαβ 
connectivity and contains N, G1 and G3 boxes which help to define the nucleotide-binding cleft. 
The characteristic feature of this domain is the presence of a unifying ATP-binding pocket, 
termed as the Bergerat fold. It consists of a four-stranded mixed β sheet and three α helices 
which formulate the structural organization of the ATP-binding site, whereas the residues that 




1.4 Response regulators (RRs): 
 
The response regulators (RR) fulfill intracellular responses of the cell which in most cases result 
in to the regulation of gene expression. However, RRs also carry out other cellular responses 
such as chemotaxis and motility toward or away from a stimulus. Most often RRs consist of a N-
terminal regulatory domain, also termed as receiver domain (RD) and a C-terminal effector 
domain (ED) (Fig. 1.2) 
[25, 26]. The receiver domain belong to a conserved topology of (βα)5 lies 
in a parallel order to each other. C-terminus of β4 holds a conserved aspartate residue which 
takes phosphate from the SK when the system is activated 
[27]
.  
ED of the RR accomplishes the final response and binds to DNA. At primary sequence level the 
EDs are diverse within the subfamily of RR suggests the variety of possible output responses for 
RR and their different regulation mechanisms 
[8, 11]
. 
All these RRs are capable of autodephosphorylation and the regulation of its ED. 
Phosphotransfer from a conserved histidine residue at the SK to an aspartate residue at the RR 
results in activation 
[28]
. RRs are also capable of catalyzing their own phosphorylation and can be 
phosphorylated in the presence of small phosphor-donors like acetyl-phosphate and carbamyl-
phosphate. Once the RR is activated, it carries out an intracellular response and acts as a 
transcriptional regulator. RRs undergo specific conformational changes both in RD and ED to 
facilitate an output response 
[29, 30]
. According to previous studies, such conformational changes 



















Apart from catalyzing their own phosphorylation, RRs can also perform phosphatase activity, 
thereby limiting the time span of their activity. This time span of phosphatase activity is variable 
for different RRs therefore, half-lives of activity may range from seconds to several hours 
[11, 31]
. 
Based on the ED topology, all the RRs are classified in to three sub-families, OmpR/PhoB, NarL 
and NtrC, whereas based on the presence of ED, two major groups are recognized (Fig 1.2). The 
OmpR/PhoB family of RR has the most known members which generally regulate different gene 
e involved in osmoregulation, for instance EnvZ of E.coli  
[32, 33]
. 
Upon activation, members of OmpR/PhoB regulates the expression of OmpC and OmpF 
[34]
 
where the The N-terminal RD interacts with the EnvZ SK followed by and the C-terminal ED 




The RRs of Sub-family NtrC are mostly nitrogen regulatory proteins enhancing transcription 
level and regulate σ
54
-holoenzyme form of the RNA polymerases 
[8, 36]
. In the presence of 
Nitrogen NtrC RRs transcriptionally activate glnA and encode glutamine synthetase. Conversely, 




Members of the NarL subfamily are known for nitrate and nitrite metabolism. Operons regulated 
by NarL RRs are also prone to and regulated by the Fnr transcription factors 
[39, 40]
 which encode 
genes related to nitrate and nitrite regulation under anaerobic conditions. Transcription factor Fnr 
activates under anaerobic conditions and leads to the synthesis for different respiratory enzymes 
required in the electron transport system (Fig. 1.2) 
[39, 41]
.  
Apart from OmpR/PhoB, NtrC and NarL other RRs have also been identified which are 
distinguished by their C-terminal domains and have other enzymatic activities. For instance, RR 
CheB has methyltransferase activity and catalyzes the demethylation of various receptors during 
chemotaxis 
[42]
. CheB is known to interact with CheR, a methyltransferase and controls the 
amount of receptor methylation, hence influences the receptor adaptation and activities. CheB 
determines one of the methylglutamine residues followed by de-methylation in its receptor 
[43]
. It 
is noteworthy that when methyl-accepting chemotaxis proteins are methylated the formation of 
methyl-ester took place position C5 of glutamate (Fig. 1.2) 
[44]
.  
Other RRs lack the C-terminus ED 
[31]
, like CheY. It does not regulate gene expression when 

















FliM protein. FliM belongs to one of the three proteins located on the cytoplasmic site of the 
flagellar motor switch complex. CheY interaction to FliM, enhances clockwise rotation of the 
flagellar motor, subsequent in tumbling motion rather than smooth swimming 
[43]
. On the other 
hand CheY activity is overcome by the dephosphorylation of CheZ phosphatase (Fig. 1.2)
[45, 46]
.  
In general RRs are the part of TCSs carrying out the final response to an environmental stimulus. 





1.5 Activation of receiver domain (RD), a general mechanism: 
 
Receiver domain (RD) is recognized by its general features and conserved topology of α/β 
architecture. RD contains a few conserved amino acids that play an important role in activation 
and signal propagation relay 
[31]. Conserved and acidic residues from β1α1, β4α4 loops surround 
the phosphorylatable aspartate located at the C-terminus of β3.  Residue from the β1α1 loop 




  that is needed for both phosphor-transfer and 
phosphate-hydrolysis (Fig. 1.3) 
[47]
. Few of the conserved residues are regarded as important in 
propagation of long range structural conformational changes upon phosphorylation. 
Phosphorylation result changes in RD backbone atoms and perturbation the molecular surface of 
α4β5α5 region.  X-ray structures in both active and inactive states indicated that the signal 
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